The amount of energy produced by a turbine depends on the characteristics of both wind speed at the site under investigation and the turbine's power performance curve. The capacity factor (CF) of a wind turbine is commonly used to estimate the turbine's average energy production. This paper investigates the effect of the accuracy of the power curve model on CF estimation. The study considers three CF models. The first CF model is based on a power curve model that underestimates the turbine output throughout the ascending segment of the power curve. To compensate for the aforementioned discrepancy, the Weibull parameters, c and k, which are used to describe wind profile, are calculated based on cubic mean wind speed (CMWS). The second CF model is based on the most accurate generic power curve model available in open literature. The third CF model is based on a new model of power performance curve which mimics the behavior of a typical pitch-regulated turbine curve. As the coefficients of this power curve model are based on a general estimation of the turbine output at different wind speeds, they can be further tuned to provide a more accurate fit with turbine data from a certain manufacturer.
Introduction
Despite wind power's intermittent nature, strong growth has occurred in its frequency of install action because of environmental concerns about other sources of electricity, and because of developments in wind turbine technologies. Due to wind speed variability, a wind turbine rarely operates at its rated output. Therefore, the capacity factor (CF) of a turbine is com-___________________________________________ *Corresponding author's e-mail: mbadi@squ.edu.om monly used to estimate its average energy production, which in turn can be used for the economic appraisal of wind power projects at potential sites. Moreover, CF models can be used by manufacturers and wind power project developers for optimum turbine-site matching, and for the ranking of potential sites (TaiHer and Li 2008; Salameh and Safari 1992; Jangamshetti and Rau 1999) .
The amount of energy produced by a turbine depends on the characteristics of both wind speed at the site under investigation and the turbine's power performance curve. Wind speed at any site is commonly modeled by the Weibull probability density function (pdf), which is characterized by two parameters: the scale factor, c, and the shape factor, k. The turbine's power performance curve can be described by three parameters: cut-in, nominal, and cut-out speeds. This paper presents a novel model to estimate the CF of modern pitch-regulated wind turbines, based on a new turbine's power performance curve and the Weibull parameters of wind speed. An early version of this paper was published in Albadi and El-Saadany (2009) .
After this introduction, the paper proceeds with a literature survey devoted to wind power output modeling, which includes wind speed modeling, turbine output modeling, and the existing CF model. A new power curve model is then proposed in section III. In section IV, the two new CF models are derived, and a case study is presented in section V. Finally, conclusions are presented.
Wind Power Modeling

Wind Speed Modeling
Wind speed is commonly modeled by the 2-parameter Weibull pdf shown in the following formula:
(1) where v is the wind speed in m/s; k is the shape factor, and c is the scale factor. The shape factor, k, is related to the variance of the wind speed; therefore, it is location specific. The Weibull parameters can be obtained using the mean and the standard deviation of wind speed at the chosen site. The mean wind speed (MWS) can be calculated using the following formula:
The above equation can be written as follows. (3) where is the complete gamma function given by (4)
The standard deviation of wind speed measurements is calculated using the following equation.
(5)
The above formula can be written as follows: (6) Knowing the mean and standard deviation of wind speed data at the potential site, one can estimate the two parameters of the Weibull function by solving (3) and (6) iteratively.
Turbine Output Modeling
The power output of a wind turbine is given as follows: (7) where P(v) is wind turbine output power; is the air density in kilograms per cubic meter (kg/m 3 ); A is the swept rotor area in square meters (m 2 ), and C p is the turbine coefficient of performance. The power curve of a pitch-regulated wind turbine is characterized by three speeds: cut-in, nominal, and cut-out speeds. When the wind speed is below the cut-in speed (V c ), the output power is zero, and the rotor cannot be loaded. At its nominal speed, (V r ), the power output is at the rated value (P r ). In response to the power control mechanisms, the power output remains constant as wind speed increases until the cut-out speed (V f ), at which point the turbine will be turned off to prevent mechanical damage. Therefore, Eqn. 7 can be written as follows: (8) where P asc (v) is wind turbine output power throughout the ascending segment of the power curve. An example of a turbine output is presented in Figure 1 . For this specific turbine Vestas turbine V c , V r , and V f take Between V c and V r , the turbine output increases as wind speed increases. Manufacturer data show a point of inflection in the ascending segment of the power curve. This point indicates that the turbine efficiency experiences a change at this point. Despite the single point of inflection in the ascending power curve segment, C p is not constant for most of the speed range. This phenomenon is demonstrated in Figure 2 , in which the C p and power output of Nordex N90-2300
Although the C p is unique for each turbine and, as a result, is difficult to generalize, there have been some attempts to represent the ascending segment of the power curve with a generic model. Generic here means that a turbine's output, as a percentage of rated power, is described using the cut-in and nominal speeds only, without requiring the specific turbine output throughout the ascending segment. Generic models available in open literature include linear, quadratic, and cubic ones. Below is a brief description of each model:
1) The linear model assumes a linear increase in the turbine output between the cut-in and the nominal speeds. This model, generally, overestimates wind potential. The linear model is given by the following equation:
2) Cubic model 1 implicitly assumes a constant overall efficiency of the turbine throughout the ascending segment of the power curve. This model is given by the following formula (Dialynas and Machias 1989) : (10) 3) Cubic model 2, considered by Jangamshetti and Rau (1999) and Salameh and Safari (1992) is very similar to Cubic model 1. The only difference is the absence of V c from this model. cubic model 2 is given by the following equation:
4) Quadratic model 1 was originally proposed by Justus et al. (1976) , and its coefficients were calculated by Giorsetto and Utsurogi (1983) . These coefficients were determined based on the assumption that the output of the turbine follows the cubic model, Eq. 10, between (V c +V r )/2 and V r (Justus et al. 1976 ). 
As demonstrated in Figure 1 and Table I , the quadratic model presented in Pallabazzer (1995) is the most accurate generic model to represent manufacturer data throughout the ascending segment of the power curve; therefore, it is used in the derivation of one of the two CF models proposed in this paper.
A better representation of manufacturer data can be achieved by using a higher order polynomial function as described by the following equation, where n is the order of the polynomial function: (14) However, due to the unique and nonlinear behavior of C p , the coefficients, an, are turbine specific and difficult to generalize. The authors in Chang and Tu (2007) and Celik (2003) use a third order polynomial function to represent the turbine output in the ascending power curve segment, and regression is used to find the coefficients (a n ). For the manufacturer data presented in Figure 1 and Table I, 
Capacity Factor Modeling
The average power produced by a wind turbine can be calculated by integrating the power curve model multiplied by the Weibull function represented by Eqn.
(1).
(15)
The capacity factor is the ratio between the average and the rated power of the turbine. The authors in Jangamshetti and Rau (1999) , Salameh and Safari (1992) used cubic model 2, represented by Eqn. (11), the CF model can be written as follows:
(16) compared the values of the CF obtained from (16) to the measured ones, and found that the model significantly underestimated wind potential at the site under study. To compensate for the mismatch between the modeled and the measured values, Jangamshetti and Rau (2001) investigated the effect of using the root mean square wind speed (RMSWS) and the CMWS to estimate the Weibull function parameters of the wind profile. found that using the CMWS resulted in a better estimation of the CF, at the site under study than when using the original (arithmetic) MWS and the RMSWS. The MRSWS and CMWS are defined by the following formulas:
However, when one compares the original wind profile, obtained using the arithmetic MWS, with that obtained using the RMSWS or the CMWS, a significant difference in the profile is observed (Albadi and El-Saadany 2010) . Actually, using the RMSWS or the CMWS shifts the original wind speed data towards higher values, as illustrated in Figure 3 .
Tai-Her and Li (2008) Table 2 . An example of the proposed power curve model is presented in Figure 7 , and a comparison of the proposed model and quadratic model 2 for turbines with V c = 3 m/s and V r = 13 m/s is presented in Figure 8 . As the coefficients of this model are based on a general estimation of turbine output at different wind speeds, they can be further tuned to obtain a better fit of turbine data from a certain manufacturer.
Proposed Power Curve Model
From Figure 8 , one can conclude that although the power curve in the ascending segment is turbine specific, the proposed model represents manufacturer data better than quadratic model 2, which is the best generic model available in open literature. For V90-1.8 turbine data, presented in Table I , the error in annual energy estimation of the proposed model is about -0.3%.
New Capacity Factor Model
Based on the new power curve model proposed in the previous section, the new CF model for pitch-regulated wind turbines is given by the following equation. (22) where f(v) is the Weibull pdf, given in (1), and its parameters are based on the MWS rather than the CMWS.
Using integration by substitution and by parts (Bird 2003) , the new CF model is derived as described by Albadi and El-Saadany (2010) .
Equation (23) Because P(V c ) = 0 and P(V r ) = 1 pu, the above equation could be further simplified as follows: (25) The above equation is independent of a 0 and can be used for any higher order polynomial representation of the power curve. For sites at which wind profile is represented by a Raleigh distribution function (k = 2), the scale factor, c, can be approximated by the following equation:
Therefore, Eq. (25) can be written as follows: (26) Similarly, the CF model based on quadratic model 2 can be calculated by substituting a 1 = a 3 = a 4 = 0, and a 2 = 1/(V r 2 -V c 2 ) in Eqn. 26 (27) 
Case Study
The power curve parameters, represented by V c , V r , and V f , of 12 different turbines are presented in Table  3 . Using both the existing and the proposed models, seven wind speed scenarios, presented in Table 4 , are used to calculate the CF for each turbine. In Table 5 , the CF of each turbine is calculated using the three models.
From Table 4 , one can make the following observations and draw certain tentative conclusions:
1. Due to the accuracy of the proposed power curve model over that of quadratic model 2, the CF values calculated using the CF model that is based on quadratic model 2 of the turbine curve Eqn. 27 is always lower than those obtained using the CF model that is based on the proposed power curve model (Eqn. 25) for all turbines. 2. Although the existing model Eqn. 19 is based on cubic model 2, which underestimates turbine output as demonstrated in Table I , CF values calculated using Eqn. 27, are always lower than those obtained using the existing CF model, for MWS scenarios of 6 and 9 m/s. This result is attributable to the fact that the existing model is based on CMWS. Using CMWS to estimate the Weibull function parameters shifts the original wind speed data towards higher values, as illustrated in Figure  3 . Additionally, CF values obtained using Eqn. 25 are often lower than those calculated using the existing CF model Eqn. 19 due to the same reason. 3. For an MWS scenario of 12 m/s, using the CMWS in Eqn. 19 for CF calculation resulted in lower CF values for most turbines than the values calculated using Eqns. 25 and 27. This phenomenon is attributable to the fact that using the CMWS in the existing model results in estimating more non-captured wind energy than actually happens. This is due to wind speeds exceeding V f . Thus, the value of the CF estimated using the existing model peaks at 10 m/s, Figure 9 .
Conclusions
The existing CF model is based on a cubic model for turbine output, which underestimates the turbine output throughout the ascending segment of the power curve. To compensate for this mismatch, CMWS is commonly used to estimate the Weibull function parameters. This paper demonstrates that the use of CMWS shifts the original wind speed data towards higher values. As a result, the existing CF model tends to overestimate the CF values for sites with low wind speeds and underestimate the values for other sites with high wind speeds. This paper presents two new CF models. The first one is based on an existing power curve model that yields a better estimation of the turbine output in the ascending segment of the power curve. The other proposed CF model is based on a new power curve model. The coefficients of this power model are calculated based on a general estimation of the turbine output at different wind speeds; therefore, they can be further tuned to obtain a better fit with turbine data from specific manufacturers. Applications of the proposed models include wind power potential and turbine-site matching studies. Table 5 . CF calculation using different models for different wind speed scenarios
